Background: Glyphosate, the active ingredient in Roundup formulations, is the most widely used herbicide worldwide, and as a result contaminates surface waters and has been detected in food residues, drinking water and human urine, raising concerns for potential environmental and human health impacts. Research has shown that glyphosate and Roundup can induce a broad range of biological effects in exposed organisms, particularly via generation of oxidative stress. However, there has been no comprehensive investigation of the global molecular mechanisms of toxicity of glyphosate and Roundup for any species. We aimed to characterise and compare the global mechanisms of toxicity of glyphosate and Roundup in the liver of brown trout (Salmo trutta), an ecologically and economically important vertebrate species, using RNA-seq on an Illumina HiSeq 2500 platform. To do this, we exposed juvenile female brown trout to 0, 0.01, 0.5 and 10 mg/L of glyphosate and Roundup (glyphosate acid equivalent) for 14 days, and sequenced 6 replicate liver samples from each treatment. Results: We assembled the brown trout transcriptome using an optimised de novo approach, and subsequent differential expression analysis identified a total of 1020 differentially-regulated transcripts across all treatments. These included transcripts encoding components of the antioxidant system, a number of stress-response proteins and pro-apoptotic signalling molecules. Functional analysis also revealed over-representation of pathways involved in regulating of cell-proliferation and turnover, and up-regulation of energy metabolism and other metabolic processes.
Background
Glyphosate is a broad-spectrum, post-emergence herbicide that acts by inhibiting plant aromatic amino acid synthesis via the shikimate pathway [1, 2] . In recent years, glyphosate has been the most widely used agricultural herbicide worldwide [3, 4] , and it is also used extensively in urban and domestic environments [4, 5] . Glyphosate can be used alone, but it is more commonly applied as part of a formulated product and the most widely used of these are Roundup herbicides. Roundup formulations vary with application purpose, but contain a number of adjuvants that enhance the herbicidal properties of glyphosate. The most common of these is polyethoxylated tallow amine (POEA), a surfactant that enhances glyphosate cellular uptake in plants [6, 7] . Concentrations of glyphosate entering surface waters are not routinely monitored, but values in the range of 10-15 μg/L have been reported in rivers (e.g. [8, 9] ), while measurements in the high μg/L range have been recorded only occasionally and are generally associated with direct application to wetland environments [7, 10] . Glyphosate residues have also been found in food and in drinking water [7] , and a recent study reports traces of glyphosate in 44% of human urine samples collected throughout Europe [11] . The widespread use of this herbicide and the measured concentrations in humans and in the environment have raised concerns about its toxicity and the risk that it may pose for human and wildlife health.
Although the target mechanism of action of glyphosate is specific to plants, a range of toxicological effects in a number of vertebrate and invertebrate species have been demonstrated. Both glyphosate and Roundup have been widely shown to induce cellular oxidative stress through generation of ROS and/or interference with the antioxidant system. In fish, short-term exposures to high concentrations (1-20 mg/L) of Roundup altered levels of cellular antioxidants and induced oxidative damage of DNA, lipids and proteins (e.g. [12] [13] [14] ), while environmentally relevant concentrations of Roundup, glyphosate and POEA caused DNA damage in blood and liver cells of exposed eel and catfish [15] [16] [17] . Similarly in rats, treatment with > 100 mg/kg glyphosate and Roundup generated oxidative stress and induced lipid peroxidation [18] , and 10 mg/kg glyphosate generated oxidative stress, DNA damage and an increase in apoptosis [19] . In human cell lines both glyphosate (from 50 mg/L) and Roundup (from 18 mg/L) induced apoptosis [20] [21] [22] , and Roundup also increased necrosis [23, 24] . Roundup, and to a lesser extent glyphosate, caused endocrine disruption in cell lines (e.g. [21, 25] ). Additionally, disruption of steroidogenic enzymes and reproductive health has been demonstrated following Roundup exposure in rats [26, 27] . In fish, recent work in our laboratory demonstrated that 10 mg/L of glyphosate and Roundup affect reproduction in zebrafish in a process mediated via disruption of steroid hormone synthesis and induction of oxidative stress [28] . Other demonstrated biological effects of glyphosate and/or its commercial formulations include immunotoxity, neurotoxicity and developmental toxicity [29] [30] [31] . Generally, Roundup has been found to be more toxic than pure glyphosate, and this has been attributed to the inherent toxicity of POEA [16, 30] , and potentially other formulation products. Additionally, formulation products may enhance the toxicity of glyphosate by facilitating cellular entry [18] .
Transcriptional profiling can be employed to comprehensively investigate global molecular mechanisms of chemical toxicity which, in turn, this can potentially provide valuable information for understanding and predicting adverse health effects following environmental exposure. Microarray technology has been successfully used to conduct transcriptomic analysis in fish and other aquatic organisms exposed to a wide range of environmental chemical pollutants, but the application of this technology required significant prior gene sequence information. High-throughput RNA sequencing (RNAseq) has recently emerged as a sensitive and reproducible tool, and can be used to conduct non-biased transcriptomic analysis in any species of interest. In ecotoxicology, RNA-seq provides a valuable opportunity to investigate global mechanistic toxicology in environmentally-relevant species, but is yet to be widely employed in this field.
Despite the high rate of glyphosate usage and the concerns about its potential to cause human and environmental health impacts, no comprehensive studies investigating the global mechanisms of toxicity of glyphosate and its commercial formulation, Roundup, have been performed to date. This study aimed to investigate and compare the global transcriptional responses to glyphosate and Roundup in brown trout (Salmo trutta). Brown trout are an ecologically and economically important European species, known to be sensitive to environmental stressors. Due to their ecological niche, brown trout are likely to be affected by these compounds, particularly as a result of agricultural runoff. We conducted an exposure of juvenile female brown trout to three concentrations of both glyphosate and Roundup, including environmentally relevant concentrations and investigated the toxicological effects of these compounds in the liver of exposed fish using RNA-seq.
Methods

Fish maintenance
Juvenile brown trout (six months old; originating from a local aquaculture facility) were maintained in 35 L glass tanks, and acclimated to laboratory conditions for three weeks prior to the start of the exposure. Each tank was aerated and supplied with a water flow rate of 140 L/day. The aquarium water supply was reverse-osmosis treated tap water reconstituted with analar-grade salts to produce a standardized synthetic freshwater according to OECD guidelines, as described in Paull et al. [32] , and maintained at 12 ± 0.2°C and pH 7.2-7.8. Fish were kept under a 16:8 h light:dark cycle (with 30 minute dawn/dusk transitional periods) and fed with 0.5 mm trout pellets (Biomar, Grangemouth, UK) at a rate of 2% body weight per day.
Chemical exposure and sampling
All experiments were conducted under approved protocols according to the UK Home Office regulations for use of animals in scientific procedures, and approved by the University of Exeter Ethics committee.
Chemical exposure was conducted via a flow through system for a period of 14 days, employing a flow rate of 140 L/day for each tank (4x tank volume per day). The treatment groups consisted of three concentrations of glyphosate; 0.01, 0.5 and 10 mg/L (analytical grade; Molekula, Wimborne, UK), three concentrations of Roundup; 0.01, 0.5 and 10 mg/L glyphosate acid equivalent (using Roundup® GC liquid glyphosate concentrate containing 120 g/L glyphosate acid; Monsanto, Cambridge, UK); and a control group. These treatment groups will be referred to throughout as LG, MG, HG and LR, MR, HR for the 0.01, 0.5 and 10 mg/L Glyphosate and Roundup treatments, respectively. The two lower concentrations were chosen to represent concentrations that may occur in the environment frequently (0.01 mg/L) or during occasional peak contamination events (0.5 mg/L). The highest concentration tested (10 mg/L) was included to facilitate the analysis of the mechanisms of toxicity of glyphosate and Roundup but is unlikely to occur in surface waters. Each treatment group was comprised of two replicate tanks, with a volume of 35 L, each containing 8 fish. Water samples were collected from each tank on day 0, 7 and 14 of the exposure period and stored at −20°C prior to chemical analysis. Samples from the three separate time points were combined into a single sample for each replicate tank and analysed for the concentrations of glyphosate in an external accredited laboratory using LC-MS (South West Water, Exeter Laboratories).
Fish were humanely sacrificed on day 14 of the exposure period by a lethal dose of benzocaine (0.5 g L-1; Sigma-Aldrich) followed by destruction of the brain, in accordance with UK Home Office regulations. Wet weight and fork length were recorded, and the condition factor (k = (weight (g) × 100) / (fork length (cm)
3 )) was calculated for individual fish. Sex was determined by visual observation of the gonads. Livers were dissected and weighed, and the hepatosomatic index (HSI) (liver weight (mg)/total weight (mg)) × 100)) was determined for individual fish. Portions of the liver from female fish were snap frozen in liquid nitrogen and stored at −80°C prior to transcript profiling.
RNA extraction, library preparation and sequencing
Transcript profiling was conducted in the liver of 6 females per treatment group. For the MG treatment group, only 3 individuals were analysed because there were only three females in the replicate tanks for this treatment. RNA was extracted from female livers using an RNeasy Mini extraction kit (Qiagen), incorporating on-column DNase treatment, according to the manufacturer's instructions. The concentration, purity and integrity of RNA were determined using a NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies, USA) and an Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., USA). All RNA input to library construction was of high quality with A 260 /A 280 and A 260 /A 230 ratios > 1.8 and RIN scores > 8. ERCC spike-in control mixes (Ambion) were added to all individual RNA samples, according to the manufacturer's instructions to allow for analysis of the accuracy of the transcript quantification and dynamic range. cDNA libraries from all samples were then prepared using the Illumina TruSeq RNA Sample Preparation kit, multiplexed with 24 samples per lane and sequenced using an Illumina HiSeq 2500, to generate 100 bp paired reads.
Transcriptome assembly and annotation
All analyses were carried out on a local server running the NEBC Bio-Linux 7 environment [23] . Remaining Illumina adaptor sequences were removed and the first 12 bp of all raw sequence reads were trimmed to remove 5' bias caused by non-random hexamer priming [33] using the FASTX-Toolkit (http://hannonlab.cshl. edu/fastx_toolkit). 3' sliding window quality trimming was performed using (http://wiki.bioinformatics.ucdavis.edu/ index.php/Trim.slidingWindow.pl) and all reads where < 90% bases had a Phred quality score >20, and those shorter than 15 bp, were discarded. Digital normalisation was performed to remove highly duplicated reads using the normalize-by-median.py script part of the khmer package described by Brown et al. [34] , with the recommended k-mer value of 20 and a coverage threshold of 20. This process reduces the computer memory requirements of transcriptome assembly, and also reduces the risk of potential sequencing error accumulation in abundant transcripts [35] . All retained reads were then paired, separated into forward and reverse fastq files for Trinity assembly and shuffled into a single interleaved fastq file for the Velvet assembly. In order to obtain the most appropriate transcriptome assembly for downstream expression analysis, we conducted de novo transcriptome assemblies using Velvet (version 1.2.08; [36] ) followed by Oases (version 0.2.08; [37] ), and Trinity (version r2013-02-25; [38] ), and compared them. The Trinity assembly was conducted using the default parameters, specifying a minimum contig length of 200 bp. A series of 7 separate Velvet-Oases assemblies were created specifying ins_length 161 -ins_length_sd 150 and using k-mers ranging from 33 to 69 (with steps of 6), then these were merged using the Oases-Merge function (K = 27) specifying -min_trans_lgth 200. All transcripts in the final assemblies were annotated using Blastx against the Ensembl peptide databases (Release 71; April 2013) using an E-value cut-off of 10
and 'best hits' were assigned to transcripts in the following preferential order: zebrafish (Danio rerio); human (Homo sapiens) and mouse (Mus musculus); stickleback (Gasterosteus aculeatus), medaka (Oryzias latipes), tilapia (Oreochromis niloticus) and cod (Gadus morhua). For transcripts found to be differentially expressed (see below) that were not annotated in this way, additional annotation was performed using Blast (<10 −15 ) against the NCBI Reference Sequence (RefSeq), nr and nt databases.
Transcriptomic analysis
Raw sequence reads from individual samples were mapped back against both Trinity and Oases transcriptome assemblies using Bowtie2 (version 2.1.0, [39] ), using a value of 1 for the k parameter (−k 1) to report a single best hit for each read and limit ambiguous mapping to redundant transcripts. Raw count data for each transcript was extracted using idxstats in SAMtools (version 0.1.18, [40] ) and input into the edgeR R package [41] for differential expression analysis. In edgeR, a criterion of having at least 1 mapped read from a minimum of 6 samples for each transcript was imposed. Tagwise dispersion was applied with the recommended prior.df = 10. Initial comparison of transcript expression between the two control treatment groups showed strong similarities, and only 3 and 5 differentially expressed transcripts were identified for the Trinity and Oases assemblies, respectively. Therefore, differential expression analysis was conducted between the 12 replicates from the combined control groups and six replicates from each of the other treatment groups. Transcripts were considered differentially expressed with a FDR < 0.1 (after Benjamini-Hochberg correction). Hierarchical clustering was performed on all differentially expressed transcripts using an Euclidean distance metric, in the Pheatmap package for R (available from http://cran.r-project.org/ web/packages/pheatmap/index.html). Functional analysis was then performed for differentially expressed genes from each treatment using the Database for Annotation, Visualisation and Integrated Discovery (DAVID v6.7; [42] ), with the final brown trout liver transcriptome as a background. Kyoto Encyclopedia of Genes and Genomes (Kegg) pathways (http://www.genome.jp/kegg/) and Gene Ontology (GO) terms (http://geneontology.org/) for Biological Process, Cellular Component and Molecular Function were considered significantly over-represented when P < 0.05.
The raw sequence data, and processed results from the expression analysis have been deposited in NCBI's Gene Expression Omnibus (http://www.ncbi.nlm.nih. gov/geo), and are available via the GEO series accession number GSE56855.
Results and discussion
Water chemistry and morphometric parameters
The concentration of glyphosate in each tank was measured in a composite water sample from three separate time points during the exposure (days 0, 7 and 14), and were within 88.7-110.7% of the nominal concentrations across all treatments. The mean measured concentrations for each treatment (2 replicate tanks) were 0.0097 ± 0.0003; 0.46 ± 0.01 and 9.9 ± 0.41 mg glyphosate/L for the 0.01, 0.5 and 10 mg glyphosate/L treatment groups respectively, and 0.011 ± 0.0003; 0.50 ± 0.007; 9.31 ± 0.17 mg glyphosate/L for the 0.01, 0.5 and 10 mg Roundup/L treatment groups, respectively.
The mean mass and mean length was 13.1 ± 0.3 g and 9.97 ± 0.09 cm for female fish and 12.54 ± 0.37 g and 9.75 ± 0.09 cm for male fish. There were no significant differences in size and condition factor (mean 1.31 female; mean 1.33 male) or HSI (mean 1.66 female; mean 1.75 male) between treatment groups. There were no mortalities and we observed no alteration of behaviour during the course of the exposure, suggesting that these concentrations of glyphosate and Roundup had no overt toxicological effects on general health of the exposed fish.
Sequencing and de novo transcriptome assembly
Sequencing of female liver samples generated a total of 969.4 million paired 100 bp reads, averaging 20.2 million reads per library, 92.5% (897 million) of which were retained following processing and quality filtering. Following digital normalisation, a total of 101.5 million paired reads, originating from all libraries, were retained and input into the de novo transcriptome assemblies. Statistics for the Trinity and Velvet-Oases transcriptome assemblies are shown in Additional file 1: Table S1 . The final Velvet-Oases assembly consisted of 893,904 transcripts compared to 258,702 in the Trinity assembly, while the number of putative gene loci was more similar (146,233 and 109,301 respectively). Transcript length statistics and the percentages of transcripts annotated using Blastx against Ensembl peptide databases were similar in both assemblies (45% of Trinity transcripts and 47% of Oases transcripts). There was a higher rate redundancy amongst annotated Oases transcripts, although this assembly included representation of over 2000 more unique transcripts (based on the annotation against the Ensembl zebrafish database). Overall this indicates that Velvet-Oases produced a considerably more redundant assembly, but potentially included better coverage of the brown trout liver transcriptome. Previously, Velvet-Oases transcriptome assemblies have also been found to be more redundant than Trinity assemblies [43] . For species without a good quality reference genome, like the brown trout, the quality and reliability of transcript expression analysis using RNA-seq are dependent on the quality of the de novo transcriptome assembly. This can be assessed using a number of metrics, which may vary based on the dataset and study objectives. Transcript redundancy is an important measure of assembly quality because high levels of redundancy tend to increase levels of ambiguous read mapping and reduce statistical power in differential expression analysis. However, inclusion of the greatest number of unique gene isoforms, including rare transcripts, is important for subsequent expression analysis and biological interpretation. Both the Trinity and Oases assemblies, therefore, have advantageous characteristics, so we performed the differential expression analysis for both assemblies independently, followed by a comparison of the resulting gene lists.
Transcript expression analysis
A greater percentage of reads were mapped to the Oases assembly compared to the Trinity assembly (mean 94% and 90% per sample, respectively) using Bowtie2. However, for the Trinity assembly, a greater percentage of transcripts met the criterion of having at least one mapped read in six replicate samples and were retained for differential expression analysis in edgeR. The retained transcripts from the Trinity assembly also included representation of 32% more of the transcripts in the Ensembl zebrafish database. Additionally, calculated values of biological coefficient of variation (BCV) for comparisons across all treatments were consistently lower using the Trinity assembly (average 34.6%) compared to the Oases assembly (average 37.4%). Furthermore, there was a lower degree of redundancy in the list of annotated differentially expressed transcripts identified using the Trinity assembly. These differences likely reflect the greater degree of transcript redundancy in the Oases transcriptome assembly, and together, indicate that the Trinity assembly, for the present dataset, was of higher quality for transcript expression analysis. Therefore, we used the results obtained using the Trinity assembly for further biological interpretation and functional analysis.
The ERCC spike-in control analysis for all individual samples is presented in Table 1 , and in Additional file 1: Figures S4 and S5 . For all samples there was a strong correlation between calculated FPKM value and expected concentration of spiked-transcripts (mean R 2 = 0.918 ± 0.002), and the mean calculated dynamic range in expression level was 25,722 FPKM. There was also a strong correlation between calculated and expected fold changes in transcript expression between samples spiked with ERCC mix 1 and ERCC mix 2 (p = 1.5E-18, R 2 = 0.6223). Together these results provide strong technical validation for the quantitative transcript profile analysis presented here.
The MG treatment group, which had only three replicates, had the highest BCV value of all treatment groups, and multidimensional scaling (MDS) plots show that there was one individual in this group with a very different transcript profile compared to the other replicates (Additional file 1: Figure S1 ). Transcript expression analysis revealed an unrealistically high number of differentially expressed transcripts in this group compared to the control (>5000), presumably because of the strong influence of this individual in a group with few replicates, which increased biological variation and potentially false positive discovery. This treatment group was therefore excluded from the functional analysis.
The numbers of up-and down-regulated transcripts in each treatment group, including overlaps between treatment groups, using the Trinity assembly are shown in Figure 1 . The transcript level expression plots for each treatment are shown in Additional file 1: Figure S2 and the full list of differentially expressed transcripts are presented in Additional file 1: Table S3 . The total number of transcripts differentially expressed in one or more Roundup treatment groups compared to the controls was 923 (656 of which were up-regulated; 266 were down-regulated; and 1 was up and down regulated in the LR and HR groups, respectively) and in the two glyphosate-treated groups was 303 (258 of which were up-regulated and 45 were down-regulated). Of these, 143 transcripts were differentially regulated following exposure to both glyphosate and Roundup (135 transcripts were up-regulated and 8 transcripts were downregulated). The results of the differential expression analysis using the Oases assembly show a similar pattern in the number of differentially expressed transcripts in each treatment group, including a predominance of upregulation, which increases our confidence in functional analysis and biological interpretation of the data. These results, from the Oases assembly, are presented in the (Additional file 1: Figure S3 ).
Cluster analysis of all 1020 differentially expressed transcripts showed that there were strong similarities in the expression profiles of all Roundup treatment groups and the LG group (Figure 2 ). Visual examination of this cluster diagram shows that across these treatment groups the majority of transcripts displayed similar expression trends, even when no significant changes were detected. The three Roundup treatments clustered more closely together than to the glyphosate treatments. This is likely to reflect differences between glyphosate and Roundup due to the presence of surfactants, including POEA, which are likely to enhance and/or modify the toxicity of the formulation product, or exert some toxicological effects independently from glyphosate. The expression profile of the LG treatment was also broadly similar to that of the Roundup treatments, and functional analysis confirmed an overlap in gene ontologies and signalling pathways affected (discussed below). This suggests that the toxicological responses to Roundup and glyphosate occur via shared mechanisms of toxicity.
The differentially regulated transcript profile for fish exposed to HG was relatively distinct from the other treatments, and there were also considerably fewer differentially expressed transcripts in this group (Figures 1, 2) . The reasons for this are not clear, but technical differences in the sequencing or water chemistry, are unlikely to contribute to this outcome, due to the random assignment of samples during the library preparation and sequencing procedures and the very consistent measurement of glyphosate in the HG treatments (95% and 103% of nominal concentration for the two replicate tanks). The consistency of expression profiles between individual fish in the HG group (Additional file 1: Figure S1 ) also suggests that high biological variation is unlikely to have limited statistical power for identifying differentially expressed transcripts. It is possible that different mechanisms of toxicity were induced by the LG and HG treatments, although the large difference in concentration between these treatments makes it difficult to draw firm conclusions. Nonmonotonic dose response curves have been reported for a number of different environmental chemicals including Bisphenol A and DEHP [44, 45] . For glyphosate and Roundup, different mechanisms of toxicity at different treatment concentrations have also been reported in cell line exposures including more acutely toxic effects, such as necrosis, at the highest treatment concentrations [20, 21, 23] . Following functional analysis, which is discussed below, we found that the transcript expression changes in the Roundup and LG treatments were characteristic of an extensive compensatory cellular stress response. Therefore, we hypothesise that in the HG treatment this response may have been depressed, potentially suggesting more acute toxicological effects at this concentration, and resulting in the distinct expression profile observed. It is also possible that a similar response occurred in Roundup-treated fish, as fewer changes in transcript expression were induced by the highest treatment concentration (Figure 1 ). Furthermore, herbicides are known to significantly modify the algal and microbial composition of an environmental or experimental system [46] , potentially exerting indirect effects on exposed fish, and contributing to the different expression profiles observed. 
Functional analysis and biological interpretation
Functional analysis of differentially expressed transcripts identified 68 over-represented GO terms (Biological Process, Molecular Function and Cellular Compartment), and 11 over-represented Kegg pathways (p < 0.05), across all treatments (Additional file 1: Table S2 ).
Oxidative stress, cellular stress response and apoptosis
We found evidence suggesting an up-regulation of the antioxidant system following both Roundup and glyphosate exposure. Glutathione reductase (gsr) was significantly up-regulated by MR, and there were increasing trends in expression of transcripts encoding for this enzyme in the other treatment groups. This key enzyme is responsible for the restoration of reduced glutathione (GSH), a major cellular antioxidant which neutralises ROS, and in the process is itself oxidised [47] . Additionally, three transcripts encoding heme oxygenase 1 (hmox1) were differentially-regulated by LG and MR. These proteins have roles as cellular anti-oxidants and in the maintenance of cellular redox balance, and have previously been shown to be amongst the most responsive markers of cellular oxidative stress [48, 49] . Our data is therefore consistent with previous reports that glyphosate and Roundup induce oxidative stress in fish and other species, including at concentrations measured in the environment, potentially resulting in damage of DNA, lipids and proteins, and modulation of the cellular antioxidant system (e.g. [12] [13] [14] [15] [16] [17] ).
A number of transcripts encoding stress-response proteins were differentially expressed. These included hypoxia induced gene 1 (hig1) and hypoxia up-regulated protein 1 (hyou1) which were significantly up-regulated in the MR and LG treatments, respectively, and also showed increasing trends in expression in the other treatment groups. Heat shock proteins (encoded by genes hsp5, hsp13, hspb2, dnajb11, dnajb9, dnajc3), which bind, stabilise and remove damaged proteins, were also differentially regulated across various treatment groups. The transcription factor tumour-suppressor protein p53 (tp53) was upregulated in the LG treatment. p53 transcription has been previously associated with oxidative stress-induced genotoxicity, and mediates several cellular stress responses including arrest in the cell cycle, preventing mutation propagation, initiation of DNA repair mechanisms and initiation of apoptosis when DNA damage is extensive [47, 50, 51] . We also found evidence of differential regulation of transcripts involved in DNA-repair. For example, DNA damage-inducible transcripts (ddit4, ddit4l) were up-regulated by HG and LG, respectively, and DNA damage-inducible protein 4a (gadd45a) was downregulated in MR, HR and LG.
Cellular stress response is mediated by a diverse array of interacting signalling pathways, and the nature of the response can vary depending on the degree and duration of the stress. For example, low concentrations of ROS tend to induce pro-survival signalling, while a greater degree of oxidative stress and cellular damage can promote apoptosis as a protective mechanism [47] . We found evidence of up-regulation of several of the major regulatory pathways responsible for cellular stress response and apoptosis following exposure to both glyphosate and Roundup, including mitogen-activated protein kinase (MAPK), tumour necrosis factor (TNF) and calcium signalling. MAPK signalling was over-represented in both the MR and LG treatments (Additional file 1: Table S2 ) where transcripts encoding p38-and JNKrelated MAPK proteins (mapk14a, mapk14b, mapk3k6) were up-regulated. Additionally, a number of transcripts encoding MAPK-interacting serine/threonine kinases (mknk1 and mknk2b) were up-regulated across LR, MR, HR and LG treatments. TNF signalling-related transcripts were also up-regulated including tnfr14 (LR, MR, HR, LG), tnip3, optn, sqstm1 (MR, HR, LG), tnip2 (MR, HR) and tnfr2, cd40, traf3, traf2b (MR). TNF signalling has previously been reported to be modulated in rats exposed to both glyphosate and Roundup, in association with oxidative stress [18] . Calcium signalling was overrepresented in fish exposed to LG, and transcripts with roles in maintaining calcium homeostasis were significantly up-regulated including Ca 2+ transporting ATPases (atp2a2a, atp2a2b) in LG and MR, with increasing trends in the other treatment groups. Calsynterin (clstn1), calcitonin receptor (calcrla) and tescalcin (tescb) were also up-regulated by LG, and calcineurin-like (chp1) was up-regulated by MR. Calcium channel (cacng6b) was down-regulated by LR, while hippocalcin (hpcl1) was down-regulated by MR and HR. Additionally, transcripts encoding components of transcription factors known to be induced by ROS and important in the regulation of cellular stress response and apoptosis were differentially expressed. In particular, Fos-like antigen 2 (fosl2) and activating transcription factor 3 (atf3), which are key components of the transcription factor AP-1, were some of the most up-regulated transcripts across MR,HR and LG treatments, by 4.6-6.4 and 3.9-5.4 fold respectively. In addition, three key members of the nuclear factor kappa N (NF-κB) family (nfkb2, rela, relb) were up-regulated in fish across LR, MR, HR and LG treatments. The apoptosis Kegg pathway displaying a summary of differentially regulated genes and processes across treatment groups is shown in Figure 3 . In addition to the signalling pathways discussed above that can regulate apoptosis in a positive or negative way, transcript profiling also revealed up-regulation of a number of factors that specifically promote apoptosis. Mitochondrionassociated apoptosis-inducing factor (aifm2), an intrinsic signalling factor controlling apoptosis, was significantly up-regulated by MR treatment and there were increasing trends in all other treatment groups, while caspase recruitment domain-containing protein 14 (card14), which interacts with members of the Bcl family, and is a positive regulator of apoptosis, was up-regulated by MR and HR. With regard to the extrinsic signalling control of apoptosis, two transcripts encoding lymphocyte G0/G1 switch protein 2 (G0S2) were amongst the most strongly up-regulated transcripts (7-25 fold by MR, HR and LG treatments). This gene has been found to strongly promote apoptosis by binding Bcl-2 and inhibiting its antiapoptotic activity, through induction by TNF signalling and NF-kB activity [52, 53] . In addition, programmed cell death protein 6 (pcdp6) and cytotoxic granule-associated RNA binding protein (tia1), which are also pro-apoptotic factors and interact with the TNF family Fas-receptor, were up-regulated by MR. Transcripts encoding sphingomyelin synthase 2 (sgms2) and sphingomyelin phosphodiesterase 5 (smpd5), which are both important in the generation of pro-apoptotic ceramide, were up-regulated by MR, and by MR and HR, respectively. These results align strongly with previous research, where glyphosate and various Roundup formulations have been shown to cause an increase in the rate of apoptosis in various human cell lines, characterised by elevated caspase activity [20, 21, 23, 24] , altered Bcl protein activity and loss of mitochondrial integrity [22] . Additionally, we found some evidence of an increase in autophagy, another form of programmed cell death, which is regulated by many of the same pathways that regulate apoptosis [53] . Autophagy related homolog 5 (atg5) was amongst the most up- Figure 3 Kegg pathway representing Apoptosis, which was found to be over-represented in the list of differentially-regulated transcripts across treatment groups. Analysis was conducted using the Database for Annotation, Visualization and Integrated Discovery (DAVID) 42 v6.7, using the de novo assembled liver transcriptome generated in this study as a background. Differentially expressed transcripts and enriched related processes from all glyphosate and Roundup treatments are highlighted in blue. Overall, these data indicate that both glyphosate and Roundup induced cellular stress response mechanisms. We hypothesise that this resulted from the generation of oxidative stress, and this hypothesis is summarised in the schematic pathway presented in Figure 4 . There was some evidence of differential modulation of the regulatory signalling pathways between treatment groups which may reflect dose-specific effects, including a differential balance between pro-survival and pro-apoptotic pathways following exposures to low concentrations versus high concentrations of Roundup and glyphosate. Specifically, transcriptional changes suggest a shift towards pro-apoptotic cellular stress response pathways in fish exposed to MR and HR, and to a lesser extent, LG. Although apoptosis-regulating pathways were affected by LR exposure, we found fewer changes in expression of pro-apoptosis factors than in the other treatment groups. This may suggest a dominance of pro-survival stress response mechanisms at lower treatment concentrations of Roundup, which is likely to generate lower levels of oxidative stress. Additionally, these differences in cellular responses, together with the greater number of differentially-regulated transcripts in the LG group compared to the LR group, also suggests that glyphosate is likely more toxic to brown trout than Roundup formulation containing equivalent concentrations of glyphosate. This contrasts with a number of previous reports which reported that formulated glyphosate herbicides are more toxic than glyphosate alone, but agrees with evidence suggesting that pure glyphosate had greater reproductive toxicity than Roundup in breeding zebrafish [28] .
Cell proliferation and turnover
Transcript expression analysis revealed some evidence of up-regulation of cell proliferation in response to Roundup and glyphosate treatment. In particular, up-regulator of cell proliferation (urgcp) expression was increased in LG, while early growth response 1 (erg1) and connective tissue growth factor (ctgfa) were increased in MR and LG. In addition, syndecan (sdc4), a G-protein cell surface coreceptor that interacts with various growth factors was up-regulated by up to 10-fold in the LR, MR, HR and LG treatments. The insulin signalling pathway, important in the promotion of cellular growth, as well as lipid and energy metabolism and homeostasis, was also overrepresented. Within these pathways, insulin-induced gene 1 (insig1) and insulin receptor substrates (IRS2, IRS4) were up-regulated in the MR and HR treatments respectively, while insulin-like growth factor binding protein (igfbp1a) was up-regulated by MR and LG. Various transcripts associated with the cytoskeleton were also differentially regulated, including several involved in regulating actin filament dynamics and reorganisation. These included nav2 (down-regulated in MR group), synpo2 (up-regulated in MR), syncrip (up-regulated in MR and LG), ssh2b (upregulated in LR, MR, HR and LG), fnbp (down-regulated in MR and HR), wasb (down-regulated in HG) and antxr1 (up-regulated in MR and MG). Intermediate filament related transcript (evpla) and microtubule associated transcript (mapre1b) were also up-regulated in MR and HR, and MR, respectively.
GO terms related to the extracellular matrix (ECM) were amongst the most significantly enriched, especially in the MR group. Changes in the regulation of ECM components, which have important roles in cellular proliferation and growth, cell signalling and regulation of the cell cycle, may be associated with an increased rate of cell turnover. In particular, a number of transcripts encoding collagens (col1a1a, col1a1b, col1a2, col6a2, col6a3, col8a1a, col16a1) were down-regulated by MR, while col13a1 was upregulated by HR and collagen binding protein (col4a3bp) was up-regulated by MR. A number of transcripts encoding matrix metalloproteinase collagenases (mmp9, mmp13a, mmp13) were also up-regulated across LR, MR, HR and LG treatments by 3-5 fold. Additionally, collagen metabolism is a specific target of oxidative stress; ROS are known to both inhibit collagen transcription and increase collagenase activity [54] and collagenases are suspected to contain antioxidant-response elements (AREs) [49] . In addition to collagen degradation, collagenases are also important in the cleavage and activation of molecules involved in regulation of apoptosis and immune response [54] . Other differentially regulated, interacting, ECM components include laminins (lama4, lamb1b; down-regulated by MR), integrin (itgax; up-regulated by LR, MR and HR) and fibronectin (fndc3a; up-regulated by LR).
A balance between programmed cell death and cell proliferation is essential for the maintenance of tissue homeostasis, and both processes are regulated by integrated, complex, signalling pathways with a considerable degree of crosstalk. It is also known that an increased rate of cell proliferation can accompany increased apoptosis to maintain tissue homeostasis [50, 51] . Therefore, we hypothesise that this evidence of an up-regulation of cellular growth and proliferation, together with over-representation of terms related to the cytoskeleton and the ECM, may reflect a compensatory response to increased cellular loss through apoptosis.
Metabolic processes
Several transcripts encoding riboflavin transporters (slc52a3 and rft2) were the most up-regulated transcripts, ranging from 5-30 fold increases across all five treatment groups. Riboflavin (vitamin B2) is the central component of the flavoproteins, flavin adenine dinucleotide (FAD) and flavin mononucleotide (FMN) [55] . Four transcripts encoding riboflavin kinase (rfk), a key enzyme in FMN and FAD synthesis, were additionally all up-regulated by a minimum of 2.5 fold by LR, MR, HR and LG. These strong and consistent changes in transcript expression suggest that increased synthesis of flavoproteins was a key response in brown trout exposed to Roundup and glyphosate. The redox activity of the flavin group makes FAD and FMN essential components of many cellular enzymes, including those with essential roles in cellular respiration such as succinate dehydrogenase (FAD) and complex I NADH ubiquitinone dehydrogenase (FMN). These results may therefore suggest an up-regulation of aerobic respiration, perhaps to meet the energetic demands of increased cellular turnover and other aspects of cellular stress response to glyphosate and Roundup toxicity. This corresponds with existing evidence of an up-regulation of transcripts involved in energy metabolism following exposure to environmentally relevant concentrations of glyphosate in flounder [56] and oyster [57] , although very high concentrations of > 84.5 mg/L Roundup were found to impair respiration in isolated rat liver cells [58] . The energetic demand associated with the cellular stress response to glyphosate and Roundup exposure could be expected to have wider health impacts. We found no evidence of an impact on the size or condition of individuals in this short term exposure under experimental conditions, but the possibility of adverse impacts on the growth and survival of fish following chronic exposure in the wild, where many factors including food availability and water quality may fluctuate and limit growth and survival, cannot be excluded.
There was an enrichment of GO terms related to a number of other metabolic processes, especially lipid metabolism in the LR and MR treatment groups (Additional file 1: Table S2 ). Given the role of lipids as key structural components of cellular membranes, and also in signalling and intracellular transport processes, we hypothesise that a differential regulation of lipid metabolism was induced in association with an increased rate of cell proliferation and turnover, and/or to replace lipids damaged by oxidative stress. This corresponds with previous reports of altered expression of transcripts with roles in lipid metabolism in flounder exposed to environmentally relevant concentrations of glyphosate [56, 59] . In particular, we found that transcripts encoding the central transcription factor responsible for regulating cholesterol biosynthesis, srebf2, were amongst the most consistently up-regulated across the LR, MR, HR and LG groups. Consistent with this, transcripts encoding SREBF2-regulated cholesterol biosynthesis enzymes (ch25h and sc5d) were also upregulated in these groups. This corresponds with previous research where treatment with both glyphosate and Roundup elevated the serum cholesterol, and triglycerides, in rats [18] . Furthermore, some evidence suggests that cholesterol may interact with ROS, and enhance antioxidant and immune response in rainbow trout [60] .
A number of transcripts from the solute carrier family of membrane-bound transporters were up-regulated. slc43, which transports large, neutral amino acids, was amongst the most up-regulated transcripts (>10 fold) in LR, MR, HR and LG groups, and other amino acid transporters slc3a2 (MR, HR) and slc6a16 (LG) were also upregulated. Additionally, citrate transporter slc13a5 (HR, MG), monocarboxylic acid transporter slc16a6b (HR, LG), fatty acid transporter slc27a4 (MR) and acetyl-coA transporter slc33a1 (MR) were all up-regulated. Glucose and amino acid uptake via secondary transport is among the diverse functions of Na + /K + ATPase (atp1a2a), which was up-regulated by 6-8 fold by LR, MR, HR and LG, while the potassium channel (irk11) was up-regulated in LR, MR, HR and LG. This dominant up-regulation may reflect a compensatory cellular response, associated with an increase in metabolism and turnover. Transporters of essential metals, which are essential cofactors in numerous metabolic enzymes, were also up-regulated. These included zinc (slc39a8) and iron (slc25a28) transporters which were up-regulated by MR, while the copper transporter (slc31a1) and iron-binding protein ferritin (fth1b) were up-regulated by HR.
Innate immune system
Functional analysis also revealed enrichment of processes involved in innate immune response. In particular, the Kegg pathways toll-like receptor (TLR) signalling, RIG-1-like (RLR) receptor signalling and Nod-like receptor (NLR) signalling were enriched. These pathways involve specific recognition of pathogen-associated molecular patterns and trigger a number of interacting downstream signalling pathways which culminate in cytokine production, recruitment of immune cells and transcriptional changes that constitute immune response [61, 62] . Transcripts encoding toll-like receptor 5b (tlr5b), which specifically recognises bacterial flagella, were amongst the most upregulated transcripts (between 5 and 24 fold increases) by LR, MR, HR and LG, and tlr21 was also up-regulated in MR. In addition, transcripts linked to pathogen recognition and response through these signalling pathways were found to be up-regulated including nod2, unc93a and cylda (MR), nlrc2 (HR) and pglyrp6 and rsad2 (LG). Other up-regulated transcripts included components of the complement system, itgax (LR, MR, HR, MG) and c7 (MR, HR, LG) and those involved in the regulation of cytokine signalling, specifically related to interleukins (il4r, il10r, il17r (MR and HR), irak3, nfil3 (MR)), interferons (irf7, ifit5, mx2 (HR and LG)) and chemokines (ccl5 (LG) and ccr4 (HG)). This suggests both Roundup and glyphosate up-regulate signalling pathways involved in innate immune response. This may indicate that the immune system is a target of toxicity suggesting that these chemicals may increase susceptibility of fish to pathogen infection. This is supported by previous research which showed differential expression of immune-related transcripts following exposure to glyphosate [56, 57, 59] and some evidence that glyphosate formulations modulate the immune system of fish and caimen [63] [64] [65] , and may alter fish susceptibility to infection [29, 64] .
Conclusions
Overall, transcriptional profiling reveals that glyphosate and Roundup exposure induce alterations of many of the complex, interacting signalling pathways that control cellular stress response, in particular those involved in regulating apoptosis. Cluster analysis and examination of individual transcripts revealed there was a considerable degree of similarity between the transcript expression profiles of fish exposed to all three concentrations of Roundup and the lowest concentration of glyphosate, suggesting common mechanisms of toxicity and cellular response. These results are broadly consistent with a cellular response to oxidative stress, and we suggest that this is the most significant mechanism of toxicity of both Roundup and glyphosate. In addition, we found evidence indicating an increase in cell proliferation and cellular turnover, and an up-regulation of metabolic processes. Importantly, we found evidence of considerable transcriptional changes in fish exposed to low, environmentally-relevant, concentrations of both glyphosate and Roundup, which were broadly similar to those occurring at higher treatment concentrations. Together, our data raises concerns about the potential for environmental relevant concentrations of glyphosate and Roundup to cause adverse health effects in wild fish populations.
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